Thiolactomycin (TLM) is an antibiotic that inhibits bacterial type II fatty acid synthesis at the condensing enzyme step, and ␤-ketoacyl-acyl carrier protein synthase I (FabB) is the relevant target in Escherichia coli. TLM resistance is associated with the upregulation of efflux pumps. Therefore, a tolC knockout mutant (strain ANS1) was constructed to eliminate the contribution of type I secretion systems to TLM resistance. Six independent TLM-resistant clones of strain ANS1 were isolated, and all possessed the same missense mutation in the fabB gene (T1168G) that directed the expression of a mutant protein, FabB(F390V). FabB(F390V) was resistant to TLM in vitro. Leucine is the only other amino acid found at position 390 in nature, and the Staphylococcus aureus FabF protein, which contains this substitution, was sensitive to TLM. Structural modeling predicted that the CG2 methyl group of the valine side chain interfered with the positioning of the C11 methyl on the isoprenoid side chain of TLM in the binary complex, whereas the absence of a bulky methyl group on the leucine side chain permitted TLM binding. These data illustrate that missense mutations that introduce valine at position 390 confer TLM resistance while maintaining the vital catalytic properties of FabB.
Bacterial fatty acid synthesis is critical to bacterial growth and survival and is carried out by a universal set of enzymes that are encoded by a distinct group of highly related genes termed the type II system (6, 34) . There are two essential classes of condensing enzymes that function as key regulators of the pathway. FabH, ␤-ketoacyl-acyl carrier protein (ACP) synthase III, catalyzes the first step in the pathway and governs the rate of initiation of new acyl chains. The initiation condensing enzyme uses acyl coenzyme A (acyl-CoA) as a substrate and has a His-Asn-Cys active-site triad. FabB and FabF, synthases I and II, respectively, are chain elongation condensing enzymes that control fatty acid composition and influence the rate of fatty acid production, and these enzymes possess a His-His-Cys catalytic triad.
Two natural products inhibit type II fatty acid synthesis by blocking the activity of one or more of the ␤-ketoacyl-ACP synthases. Cerulenin is an irreversible inhibitor of the elongation class of condensing enzymes, ␤-ketoacyl-ACP synthases I and II (FabB and FabF) (7, 19, 41) , and forms a covalent adduct with the active-site cysteine (18) . Cerulenin is not selective for type II systems because it is also a potent inhibitor of the condensation reaction catalyzed by the mammalian multifunctional (type I) fatty acid synthase (30, 31) . However, cerulenin and related compounds have antineoplastic activity (22) and reduce food intake and body weight in mice (23) , suggesting that this type of inhibitor may have utility in the treatment of human disorders of lipid metabolism. The structures of the FabF-cerulenin (27) and FabB-cerulenin (32) complexes show that the hydrophobic tail of the antibiotic slides into the substrate-binding tunnel and that the functional groups bind to the active-site histidines in a fashion that mimics the condensation transition state (32) . Thiolactomycin (TLM) is a unique thiolactone that reversibly inhibits type II but not metazoan type I fatty acid synthase (11, 12) . In contrast to cerulenin, TLM binds to the condensing enzyme active site in a mode that mimics the interaction of the enzyme with malonyl-ACP (32) . TLM has a broad spectrum of activity against many pathogens (29) . Also, the antibiotic is not toxic to mice and affords significant protection against urinary tract and intraperitoneal bacterial infections (26) . TLM is active against gram-negative anaerobes associated with periodontal disease (10) and exhibits antimycobacterial action by virtue of its inhibition of mycolic acid synthesis (21, 39) . TLM also has activity against malaria (42) and trypanosomes (28) , thereby extending the potential for using this template as a platform for drug development.
Understanding the mechanisms of acquired resistance is important to the future development of TLM as an effective therapeutic agent. Spontaneous TLM resistance occurs at a high frequency in wild-type populations of Escherichia coli (16) . A series of genetic and biochemical experiments demonstrated that these resistant isolates arose from mutations that inactivated the EmrR transcriptional repressor, thus increasing the expression of the EmrAB efflux pump in E. coli (8, 24) . The intrinsic resistance of Pseudomonas aeruginosa to TLM is also attributed to active efflux of the antibiotic (37) . The overexpression of FabB, accomplished through the introduction of the fabB gene on a multicopy plasmid, also confers TLM resistance (40) ; this finding directly illustrates that FabB is a relevant target for TLM in vivo. However, alterations in FabB expression or mutations in the fabB gene that lead to TLM resistance have not been discovered. In this report, we examine the efficacy of TLM for strains devoid of TolC-dependent type I secretory activity and use these strains to specifically select for missense mutations in the fabB gene that confer TLM resistance.
MATERIALS AND METHODS
Materials and bacterial strains. The sources of supplies were as follows: [2- 14 C]malonyl-CoA (specific activity, 55 mCi/mmol), Amersham Biosciences, Inc.; and ACP, Sigma Chemical Co. Myristoyl-ACP was prepared by the acyl-ACP synthetase method (14, 35) . Purified FadD and FabB proteins were obtained as described previously (13, 15) . The fabF gene from Staphylococcus aureus was amplified from chromosomal DNA by using primer pair 5Ј-GGATC CGAGTCAAAATATAAGAGTAGTTATTACA and 5Ј-GGATCCTGTGCTG TCGCTCATCTTAG to engineer a BamHI site (underlined) at the initiator methionine, which was changed to a proline residue, and a BamHI site downstream of the stop codon. The PCR products were cloned in plasmid pCR2.1 and sequenced. The sequence-verified clone was transferred to pET-15b by using BamHI, and S. aureus FabF was expressed and purified by affinity chromatography as described previously (13, 15) . Purified Bacillus subtilis FabF was a gift from Keum-Hwa Choi and was prepared as described previously (36) . TLM isolated from a fermentation broth was a gift from John Lonsdale, Glaxo/SmithKline. All other chemicals were reagent grade or better.
The bacterial strains used in this study were derivatives of E. coli K-12: strain UB1005 (metB1 relA1 spoT1 gyrA216 (16, 24) ; strain JT10 (metB1 relA1 spoT1 gyrA216 Ϫ r F Ϫ ) containing pFabB (40) , which overexpresses FabB; strain ANS1 (metB1 relA1 spoT1 gyrA216 tolC::Tn10 Ϫ r F Ϫ ); and strain ANS6 (fabB390 metB1 relA1 spoT1 gyrA216 tolC::Tn10 Ϫ r F Ϫ ). Strain ANS1 was constructed by P1-mediated transduction of tolC::Tn10 in strain EP1581 into strain UB1005, followed by selection for tetracycline resistance. Strain ANS6 was obtained by selection for the growth of strain ANS1 on 24 M TLM plates as described below. Plasmids were constructed by moving the XbaI-BamHI fragment of the His-tagged version of either the fabH or the fabB gene (14, 15) in pET-15b into pBluescript II KS(ϩ), respectively.
Condensing enzyme assay. The FabB-FabF condensation assay was essentially the same as that described previously (9) . Briefly, condensing enzymes assay mixtures contained 45 M myristoyl-ACP, 50 M [2-
14 C]malonyl-CoA, 100 M ACP, 25 ng of FabD (malonyl transacylase), and condensing enzyme FabB, FabB(F390V), or FabF (0 to 50 ng) in a final volume of 40 l. The mixtures were incubated at 37°C for 15 min, reduced with borohydride, extracted into toluene, and quantitated by scintillation counting. Assays were linear with time and protein. Protein content was determined with the Bradford assay (3).
Isolation of TLM-resistant fabB mutants. The sensitivity of strains to TLM was determined by spotting colonies onto rich agar plates containing geometrically increasing amounts of TLM. The MIC was reported as the concentration of TLM at which no bacterial growth was observed. Strain ANS1 was grown in rich broth in the absence of TLM, and approximately 10 7 cells were plated onto rich media containing 24, 48, and 96 M TLM. A total of six independent colonies were obtained at a frequency of one colony per plate (four on plates containing 24 M TLM and two on plates containing 48 M TLM). The fabB gene (including the promoter region) was amplified from each of the six isolates by using primers EcFabB109F (5Ј-GATCTTAGCGATGTGTGTAAGG) and EcFabB1498R (5Ј-TCGGATGCGACGCTGGC). The fragments were cloned in plasmid pCR2.1 and sequenced by using the two primers listed above plus an internal primer, EcFabB566F (5Ј-GCGTTTCCAGGTGTTCGG). All isolates contained the same missense mutation. The mutated fabB gene in pCR2.1 was digested with AgeI and BamHI, and this fragment was transferred to a similarly digested FabB-pET-15b expression vector. The FabB(F390V) protein was expressed and purified by affinity chromatography as described previously (15) .
Fatty acid analysis. Cultures (5 ml) of E. coli strains were grown to mid-log phase in M9 minimal medium (25) supplemented with 1% Casamino Acids (ICN), 0.4% glucose, 0.01% methionine, 0.0005% thiamine, and 10 M ␤-alanine and were harvested by centrifugation. The cell pellet was suspended in 1 ml of water, the lipids were extracted as described by Bligh and Dyer (1), and fatty acid methyl esters were prepared by the addition of 2 ml of HCl-methanol to the dry extract. The fatty acid methyl esters were fractionated by using a HewlettPackard model 5890 gas chromatograph equipped with a flame ionization detector and a glass column (internal diameter, 2 m by 4 mm) containing 3% SP2100-coated Supelcoport (100/120 mesh) and operated at 190°C. Fatty acid methyl esters were identified by comparing their retention times with those of standards (Matreya).
Structural modeling. The models of FabB(F390V) and FabB(F390L) were created from the coordinates of the binary complex of FabB-TLM (protein data bank ID 1FJ4). The binary complex was chosen because it is known that TLM induces conformational changes in the active site of the wild-type protein (32) that we think would likely be present in any complex of TLM with the mutant proteins. The amino acid subsitutions of valine and leucine for phenylalanine were made by using the program O (17) , and the models, with TLM and water removed, were energy minimized by using the Kollman all-atom force field (38) . Energy minimization was carried out by using the program Maximin2 within the Sybyl molecular modeling environment (SYBYL 6.7; Tripos Inc., St. Louis, Mo.). The binary complex of FabB(F390V)-TLM was made by using the same energy minimization software and the Tripos force field (5) . Flexible docking with the program FlexX (33) was used to model the binding of TLM to FabB, FabB(F390V), and FabB(F390L). The initial position and conformation of TLM were chosen to place TLM outside the active site, near the entrance to the active-site tunnel. In all docking calculations, 30 solutions were requested, although for FabB(F390L), only 23 were found by FlexX.
RESULTS

Isolation of TLM-resistant FabB mutants.
Previous work implicated efflux pumps as the major determinants of TLM sensitivity in E. coli. The only TLM-resistant strains isolated to date have arisen from mutations in the emrR gene that have resulted in the upregulation of the emrAB efflux pump (8, 24) . Therefore, we constructed strain ANS1 (tolC::Tn10) to abrogate the activity of all TolC-dependent type I secretion and multidrug efflux systems (4, 20) . Accordingly, we found that the TLM MIC of 150 M for parent strain UB1005 dropped to 3 M for strain ANS1 (Table 1 ). This significant increase in the sensitivity of strain ANS1 to TLM illustrated that pumps operating via the TolC-dependent efflux system were a major determinant of the sensitivity of strains to this antibiotic.
We used strain ANS1 to select for TLM resistance by spreading sensitive cells grown on regular medium on plates containing 24 or 48 M TLM and selecting a total of six independent colonies for analysis. Colonies arose with a frequency of about 1 in 10 7 cells plated, and all strains retained their TLM resistance phenotype when cultured in the absence of the drug. The fabB gene from each isolate was amplified by PCR as described in Materials and Methods and sequenced. All six isolates contained the same single-base-pair missense a The MICs of the four antibiotics were determined by spotting the indicated strains on rich plates containing progressively higher concentrations of antibiotics. The MIC was the concentration of antibiotic at which there was no growth.
b The relevant genotypes of the strains are shown in parenthesis; all strains are derivatives of strain UB1005. The presence of a plasmid is indicated, followed by a description of the protein that is expressed by the particular plasmid construct.
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on February 20, 2013 by PENN STATE UNIV http://aac.asm.org/ mutation (T1168G), and one of these, strain ANS6, was selected for further experiments in this study. The allele was termed fabB390 because it was predicted to encode a FabB(F390V) mutant protein. We were unable to discern an altered growth phenotype for strain ANS6. The strain grew with the same doubling time as the parent strain on both rich and minimal media. We performed several additional experiments with the same protocol as that used to obtain resistant mutants of strain ANS1 by using TLM-resistant strain ANS6 as the starting point in an attempt to select for strains with higher levels of TLM resistance. We were unable to isolate colonies that were able to grow on higher concentrations of TLM than strain ANS6 (three attempts). This result was investigated further by introducing plasmids that overexpressed either FabH or FabB into strain ANS6 and examining the effect on TLM resistance (Table 1). The introduction of the FabB-expressing plasmid into strain ANS1 increased TLM resistance twofold to 6 M. In contrast, the introduction of a plasmid expressing the FabB (F390) mutant protein increased the resistance of strain ANS1 to greater than 400 M TLM. These data show that the expression of FabB(F390V) alone is sufficient to confer TLM resistance. Neither FabH nor FabB expression was able to alter TLM resistance in strain ANS6, indicating that neither of these proteins alone was responsible for the TLM sensitivity of strain ANS6. The resistance of strain ANS6 was selective for TLM. Strain ANS6 did not exhibit increased resistance to cerulenin, a condensing enzyme inhibitor, triclosan, a fatty acid biosynthesis inhibitor, or chloramphenicol ( Table 1) .
Phenotype of strain ANS6. In the absence of an altered growth phenotype on standard laboratory media, we compared the fatty acid composition of strain ANS6 to that of parent strain ANS1, since FabB is known to play a critical role in unsaturated fatty acid biosynthesis. The strains were grown to a density of 5 ϫ 10 8 cells/ml in M9 minimal medium containing glucose as the carbon source; the lipids were extracted, and their fatty acid composition was determined by gas chromatography as described in Materials and Methods. We found no significant differences in the unsaturated fatty acid content or the chain-length distribution in strain ANS6 compared to strain ANS1. The unsaturated/saturated fatty acid ratios in membrane phospholipids were 1.01 in strain ANS1 and 0.96 in strain ANS6. Thus, the expression of the fabB390 allele does not impair the ability of FabB to perform its function in unsaturated fatty acid synthesis in vivo.
TLM resistance of the FabB(F390V) protein. FabB(F390V) was expressed and purified to compare its biochemical properties with those of wild-type FabB. The specific activity of FabB(F390V) (0.26 Ϯ 0.092 nmol/min/g) was similar to that of the wild-type protein (0.34 Ϯ 0.013 nmol/min/g) when myristoyl-ACP was used as the substrate. However, unlike wild-type FabB, which is sensitive to TLM (50% inhibitory concentration [IC 50 ], Ϸ20 M), FabB(F390V) was clearly resistant to TLM in the in vitro assay (Fig. 1) ; the IC 50 for FabB(F390V) under these assay conditions was 200 M TLM. These data show that the substitution of valine for phenylalanine at position 390 in FabB impairs the interaction of TLM with FabB without seriously compromising the catalytic competence of the protein.
Sensitivity of condensing enzymes containing leucine at position 390 to TLM. A survey of the amino acid sequences of the elongation condensing enzymes (FabB and FabF) from different organisms revealed that 34 out of the 39 genera contained phenylalanine at the position corresponding to amino acid 390 in E. coli FabB. However, five genera (all gram-positive bacteria) contained a leucine at position 390 instead of phenylalanine. The effect of the leucine substitution with respect to TLM sensitivity is equivocal. One of the variants, B. subtilis FabF, is known from previous work (36) to be resistant to TLM, suggesting the possibility that, like F390V variants, F390L variants are also TLM resistant. However, S. aureus also has the F390L replacement, and this organism is sensitive to TLM (29 (Fig. 3) . Attempts to energy minimize this complex failed to resolve the steric clash and resulted in grossly distorted methyl groups in both valine and TLM that could not be improved by further energy minimization. This result strongly implied that steric incompatibility is the structural basis for the decreased affinity of TLM for FabB(F390V). To further support this conclusion, a docking calculation was performed by using the program FlexX (33) . This procedure was validated by using the algorithm to dock TLM into the crystal structure of the wild-type protein and to determine if the analysis would reproduce the observed binding mode. The results are shown in Table 2 , and the highest-scoring docking solution accurately reproduced the known structure to within 0.74 Å (root mean square [RMS] ). When the calculation was repeated with FabB(F390V), the highest-scoring docking solution showed the isoprenoid group of TLM (C11) rotated by 90°relative to the wild-type binding mode to avoid a clash with the CG2 methyl group of Val390 (compare Fig. 3A and B) . In addition, the highest-scoring solutions were highly distorted from the wild-type binding mode, as indicated by the RMS differences between these solutions and the crystal structure ( Table 2 ). The calculated free energies for these modeled complexes [compare FabB and FabB(F390V)] (Table 2) confirm that the binding modes of the mutant are much less energetically favorable than that of the wild-type protein.
The FabB(F390L) mutant was modeled and then used in the FlexX TLM docking calculation to understand how the presence of leucine at position 390 affects TLM sensitivity. The calculated free energy of the best docking solution for the FabB(F390L)-TLM complex was nearly the same as that for the FabB-TLM complex ( Table 2 ). The highest-scoring solution showed that TLM binds to the FabB(F390L) model to within an RMS deviation of 0.77 Å of the value for the observed FabB-TLM structure (Fig. 3C ).
DISCUSSION
Our experiments validate the hypothesis that efflux pump activity is the most important determinant of TLM sensitivity (40) , earlier selection schemes for TLM-resistant strains did not yield any fabB mutants. Instead, increased TLM resistance was associated with mutations that upregulate the EmrAB efflux pump (8) . Sequence analysis demonstrated that a defect in the emrR gene, a transcriptional repressor that controls the expression of the emrAB operon, is responsible for acquired TLM resistance (24) . Any mutation that inactivates the DNA-binding activity of EmrR will confer TLM resistance to E. coli, thus explaining the high frequency of TLM-resistant bacteria. For our experiments, a tolC knockout mutant was constructed to address the contribution of all TolC-dependent efflux pumps to TLM sensitivity. Strikingly, the TLM MIC of 150 M for wild-type strain UB1005 was reduced to 3 M for strain ANS1 (tolC::Tn10), illustrating that TolC-coupled pumps are a major determinant of TLM sensitivity. Also, the TLM MIC of 25 M for strain SJ261 (emrB::Tn10) (8; this work) and the MIC of 3 M for strain ANS1 (tolC::Tn10) argue that pumps other than the EmrAB system also contribute to TLM resistance. These observations indicate that the effectiveness of TLM in gram-negative bacteria could be significantly increased by changes in the molecule that abrogate its affinity for efflux pumps, even if these modifications lower its potency toward the elongation condensing enzymes. Our data show that a missense mutation in the fabB gene is sufficient to increase the resistance of cells to TLM. Previous work clearly pointed to FabB as the relevant cellular target for TLM, based on overexpression experiments (40) . However, TLM-resistant fabB genes never arose from selections for strains for which the TLM MIC was elevated. Ablation of efflux pump activation as a mechanism for resistance by introduction of the tolC::Tn10 knockout mutation eliminated the high background of upregulated pump mutants and revealed a second mechanism for acquired TLM resistance. Six independent TLM-resistant clones were analyzed, and all possessed the same missense mutation that gave rise to the expression of FabB(F390V). Although FabH is also inhibited by TLM, the IC 50 for FabH is 110 M (32), and mutations in its gene were therefore not anticipated and were not found. The IC 50 of TLM for FabB(F390V), estimated from Fig. 1 , was apparently higher than the MIC for strain ANS6 (Table 1) . One reason for this observation may be that there is a second, more sensitive TLM target than FabB(F390V) in strain ANS6. This idea, however, is not consistent with the observation that the expression of multiple copies of FabB(F390V) increased the TLM MIC for the sensitive strain to a higher level than for ANS6 (Table 1) . TLM is a competitive inhibitor of the condensing enzymes with respect to malonyl-ACP (11, 32) , and the most likely explanation for the discrepancy between the in vitro and in vivo results is that the concentration of malonyl-ACP in the in vitro assay is high, whereas the concentration of malonyl-ACP in vivo is much lower and may be a limiting factor in fatty acid synthesis (6) . One explanation for the inability to obtain more mutants more resistant to TLM than strain ANS6 with the same approach may be that there are multiple targets. Since it is known that both FabH and FabB are targets and the biochemical data indicate that FabH and FabB(F390V) are about equally sensitive to TLM, a further increase in TLM resistance in strain ANS6 may require mutations in both of their genes. Accordingly, the overexpression of either FabB or FabH in strain ANS6 did not increase resistance to TLM, indicating that neither protein is the sole target for the antibiotic in this strain (Table 1) . These results are consistent with the concept that there are two targets, postulated to be FabH and FabB, in strain ANS6, although we cannot rule out the existence of an as-yet-unidentified TLM target that becomes important in resistant strain ANS6.
The structural modeling showed that the source of the resistance conferred by the substitution of valine for phenylalanine at position 390 arises from the steric clash between the C11 methyl of TLM and the CG2 methyl of Val390 (Fig. 3) . In agreement with these experiments, the energy minimization docking calculation predicted that the sensitivity of the mutant strain to TLM would be significantly reduced. The calculation also showed that the steric clash distorts TLM within the active site and forces the rotation of the isoprenoid tail within the binding pocket (Fig. 3B) . Price et al. pointed out the importance of the stacking of the planar double-bonded isoprenoid moiety between the delocalized electron systems of the peptide bond between residues 391 and 392 and Pro272 in the binding of TLM to wild-type FabB (32) . The rotated isoprenoid group in the FabB(F390V) complex no longer optimally packs into this hydrophobic binding cleft, and the disruption of this crucial interaction significantly contributes to the lower binding affinity (Table 2) . It is also important to note that in the modeling of the mutants (both F390V and F390L), the presence of the amino acid substitution does not significantly alter the conformation of the active-site residues, Cys163, His298, and His333 (Fig. 3) . Thus, it would be predicted from the models that these mutants would retain enzyme activity. The substitution of leucine for phenylalanine does not pose the same problem for TLM binding (Fig. 3C) , since there is no CG2 methyl in leucine. The docked structure shows TLM binding to FabB(F390L) in the same mode as in the wild type, with the isoprenoid stacked neatly between the proline and the peptide bond. The important interactions between the delocalized electron systems are preserved, and the calculated binding energy (Table 2 ) predicts that this variant will be as sensitive to TLM as the wild type. This result explains why leucine, the only other residue found at this position in nature, still permits TLM inhibition (Fig. 2) . If this notion is correct, then the resistance that B. subtilis FabF shows against TLM would be predicted to arise from another source, since the leucine at position 390 should not diminish TLM binding to the active site of this enzyme. A determination of the underlying cause for TLM resistance in B. subtilis will require the analysis of site-directed mutants. 
